Abstract: We present multiphoton nonlinear imaging from an endoscope probe. Femtosecond pulses are delivered via double-clad photonic crystal fibre. Imaging is performed by the threedimensional scanning of the tip-tilt-piston microelectromechanical system (MEMS) mirror.
Introduction
Endoscopy is the pre-eminent technique for minimally-invasive internal cancer diagnosis and monitoring in vivo. Ex vivo nonlinear optical microscopy is routinely performed by today's biologists for the state of the art diagnosis and quantification of diseases in a bench top laboratory environment. The combination of endoscopy with nonlinear optical microscopy is a catalyst for the rapid point-of-care application of today's cutting edge biology by health practitioners.
The incorporation of nonlinear microscopy techniques into an endoscope for in vivo operation is imperative for the development of minimally-invasive clinical diagnostics and surgical procedures. Nonlinear microscopy is advantageous as it reduces unwanted scattering and increases penetration depth into turbid media, such as biological tissue, with reduced aberration [1] . Nonlinear processes like two-photon absorption and second harmonic generation can only occur in the high-intensity focal region, resulting in pin-point detection from within the sample volume. This inherent axial sectioning property does not require a confocal pinhole for three-dimensional imaging [2] . Second harmonic generation takes advantage of direct imaging of highly polarisable and ordered noncentrosymmetric structures potentially quantifiable by polarisation anisotropy [3] . Two-photon fluorescence and second harmonic microscopy can provide the functional information from subcellular events within tissue environments [3, 4] . Figures 1 (a) and (b) show the difference between single-photon and two-photon exited fluorescence within a dye cell, respectively. We present two-photon imaging using a tip-tilt-piston MEMS-based endoscope probe. A femtosecond pulsed laser beam is delivered to the endoscope probe via a double-clad photonic crystal fibre (DC-PCF) core. A microelectromechanical system (MEMS) scanning mirror is assembled inside the probe head and scans the laser a390_1.pdf NWD1.pdf beam which is focused into the tissue sample by a GRIN lens. Three-dimensional (3D) imaging is performed by the 3D scanning of the MEMS mirror. The sealed cylindrical probe head is 5mm in diameter and 20mm in length, making it compact enough for in vivo studies.
Double-Clad Photonic Crystal Fibre (DC-PCF) delivery
DC-PCF is an ideal candidate for nonlinear optical imaging. The femtosecond pulsed laser beam is delivered to the endoscope scanning head by the single-mode core of the DC-PCF, while the backscattered nonlinear optical signal is collected by the high numerical aperture of the inner cladding of the DC-PCF. The DC-PCF single mode 16 µm core efficiently guides the near-infrared femtosecond excitation due to its large mode area, helping to avoid nonlinearities and pulse degradation as it propagates through the photonic crystal fibre [5, 6] . The high numerical aperture (~0.6) of the multi-mode inner cladding enables the efficient collection of the back scattered nonlinear optical signal and fluorescence. This DC-PCF design can accommodate the sufficiently high powers required for nonlinear excitation whilst being flexible enough for endoscopic applications. The cross-section of the DC-PCF structure at its end face is shown in Fig 2. . 
Tip-Tilt-Piston MEMS for endoscopic scanning probe
Two-dimensional angular scanning plus large piston scanning has been achieved by an electrothermal bimorph MEMS mirror [7] . A fabricated MEMS mirror is shown in Fig. 3 . The mirror aperture is large with an active area of 1 mm × 1 mm. This mirror plate can be scanned ± 30 degrees about both the x-axis and the y-axis at frequencies greater than 100 Hz and voltage amplitude less than 8 V. The resonance frequency is 440 Hz. The mirror's scanning range in the z direction perpendicular to the mirror plate is 0.6 mm. This tip-tilt-piston MEMS mirror simultaneously achieves large range, low drive voltage, high speed and high fill factor, enabling fast, large field-of-view 3D endoscopic imaging suitable for in vivo applications. 
Endoscope probe
The endoscope system is schematically illustrated in Fig. 4 (a) . The optical excitation beam and back-scattered signal are separated at the proximal end of the DC-PCF by a dichroic mirror. Scanning in all three dimensions is performed by the MEMS mirror inclosed within the endoscope probe attached at the distal end of the DC-PCF. Scanning and image data acquisition are externally controlled by a computer. Figure 4 (b) shows the probe with a DC-PCF and electrical wires. A typical two-photon fluorescence image is shown in Fig. 4 (c) . 
Conclusion
We demonstrate two-photon fluorescence images sectioned in three dimensions from a DC-PCF endoscopic probe. Imaging at various depths within the sample was performed by the scanning of the tip-tilt-piston MEMS mirror in three dimensions. The scanning range of the 3D MEMS mirror is sufficient for the acquisition of image stacks. The endoscopic probe containing the 3D scanning MEMS is of sufficiently small dimensions making it suitable for in vivo operation.
